Haloferax mediterranei can use nitrate as sole nitrogen source during aerobic growth. We report here the purification and biochemical characterisation of the assimilatory nitrate reductase (EC 1.6.6.2) from H. mediterranei. The enzyme, as isolated, was composed of two subunits (105 þ 1.3 kDa and 50 þ 1.3 kDa) and behaved as a dimer during gel filtration (132 þ 6 kDa). A pH of 9 and elevated temperatures up to 80³C (at 3.1 M NaCl) are necessary for optimum activity. The enzyme stability and activity of the enzyme depend upon the salt concentration. Reduced methyl viologen was as effective as the natural electron donor ferredoxin in the catalytic process. In contrast, NADPH and NADH, which are electron donors in nitrate reductases from different non-photosynthetic bacteria, were ineffective. ß
Introduction
Nitrate reduction occurs with three di¡erent purposes: utilisation as a nitrogen source for growth (nitrate assimilation), generation of metabolic energy with nitrate as terminal electron acceptor (nitrate respiration), and dissipation of excess reducing power (nitrate dissimilation). Nitrate assimilation has been studied at the biochemical or genetic level in several phototrophic and heterotrophic bacteria. Assimilatory nitrate and nitrite reductases convert nitrate to ammonium. Two classes of assimilatory nitrate reductases (Nas) are known. One class depends upon ferredoxin or £avodoxin as reductant, while the other depends upon NADH [2] . The cyanobacterial ferredoxin-Nas has a single subunit of 75^85 kDa [3, 4] , whereas the £avodoxin-Nas of Azotobacter vinelandii is a polypeptide of 105 kDa [5, 6] . Ferredoxin-Nas is also present in Azotobacter chroococcum, Clostridium perfringens, and Ectothiorhodospira shaposhnikovii [7] . The NADH-Nas proteins of Klebsiella pneumoniae [8] and Rhodobacter capsulatus [9] are heterodimers consisting of an FAD-containing diaphorase (45 kDa) and a catalytic subunit (95 kDa) with a molybdenum cofactor and a putative N-terminal [4Fe4 S] centre. In Archaea, the assimilatory nitrate pathway is not well known [10] , but the dissimilatory pathway has been studied. Di¡erent nitrate and nitrite reductases have been puri¢ed and their properties analysed [11] .
Haloferax mediterranei is an extreme halophilic archaeon and is known to be a denitri¢er [12, 13] . In high salinity brines, the oxygen availability is low, and becomes a limiting factor at a rather low cell density [14] . Under these conditions, oxygen was replaced by nitrate as electron acceptor in dissimilatory metabolism [13] . An assimilatory nitrite reductase was puri¢ed and characterised in our laboratory [10] .
In the present study we report the puri¢cation and characterisation of a Nas from H. mediterranei, the ¢rst one to be isolated from a member of the Archaea. mixture of salts, as previously described by Rodriguez-Valera et al. [15] . This minimal medium also contained: 0.005 g l 31 FeCl 3 , 0.5 g l 31 KH 2 PO 4 , 5 g l 31 glucose, and 10 g l 31 KNO 3 . The pH of the culture medium was adjusted to 7.3. H. mediterranei was grown aerobically at 37³C in 1-l batch cultures in 2-l Erlenmeyer £asks on a rotary shaker at 200 rpm. Growth was monitored by measuring the optical density at 540 nm, and cells were harvested at the mid-exponential phase of growth by centrifugation at 30 000Ug for 30 min at 4³C in a Beckman J2-21 centrifuge.
Puri¢cation of Nas and isolation of ferredoxin
All the puri¢cation steps were carried out at 25³C.
Step 1: preparation of crude extract. The freshly harvested cells were resuspended in bu¡er A (50 mM phosphate bu¡er pH 7.3, containing 2.5 M (NH 4 ) 2 SO 4 ). The cells were disrupted by sonication and the suspension was centrifuged at 106 000Ug for 60 min at 4³C. The supernatant was collected and used as the source of enzyme.
Step 2: Sepharose-4B chromatography. The supernatant from step 1 was chromatographied on a Sepharose-4B column (2.6U30 cm) equilibrated with bu¡er A. Elution was carried out with a decreasing linear gradient of 2.50
.5 M (NH 4 ) 2 SO 4 in 50 mM phosphate bu¡er pH 7.3 at a £ow rate of 48 ml h 31 . The total volume of the gradient was 1.5 l. Nas protein elution takes place at 600 ml of gradient. Fractions containing Nas activity were pooled and applied to a DEAE-cellulose column.
Step 3: DEAE-cellulose chromatography. A DEAE-cellulose column (1U6 cm) was equilibrated with two column volumes of bu¡er A. The column was washed using the same bu¡er at a £ow rate of 48 ml h 31 . The enzyme was eluted with 50 mM phosphate bu¡er pH 7.3, containing 4.26 M NaCl at a £ow rate of 30 ml h 31 . Enzyme activity appeared in the ¢rst fraction when the bu¡er was changed.
Step 4: Sephacryl S-300 chromatography. Fractions containing Nas activity were loaded on a Sephacryl S-300 column (Pharmacia HiPrep 16/60), previously equilibrated with 50 mM phosphate bu¡er pH 7.3, containing 2 M NaCl. The column was washed with the same bu¡er at a £ow rate of 30 ml h 31 . The elution volume of the protein was 26 ml. After elution, the fractions containing Nas activity were immediately dialysed against 200 volumes of 50 mM phosphate bu¡er pH 7.3, containing 4.3 M NaCl to stabilise the Nas protein.
H. mediterranei ferredoxin was isolated by the procedure of Kerscher et al. [16] .
Protein determination and nitrate reductase assay
The protein content was determined by the Bradford method, with bovine serum albumin (fraction V) as a standard. Nas activity was measured by colorimetric determination of nitrite using the diazo coupling method [17] . The assay mixture contained, in a ¢nal volume of 250 Wl, 120 mM Na 2 CO 3 pH 9, 1 M NaCl, 4 mM methyl viologen (MV), 35 mM KNO 3 , 17 mM Na 2 S 2 O 4 (freshly prepared in 0.1 M NaHCO 3 ) and 50 Wl (0.7 mU) of enzyme preparations. The samples were incubated at 60³C and the reaction was started by addition of the dithionite (DT) solution. The assay was developed for 20 min and stopped by the oxidation of DT with vigorous stirring. Nas speci¢c activity is expressed as Wmol of NO 3 2 appearing per min per mg of protein. All the assays were carried out in triplicate and against a control assay without enzyme. The range over which enzyme activity is proportional to the amount of enzyme added was from 0.056 mU to 10.4 mU.
Kinetic parameters were determined as follows : initial velocity studies were performed in 120 mM Na 2 CO 3 pH 9 containing 1 M NaCl. The concentration ranges of substrates were from 5 up to 35 mM NaNO 3 and from 0.5 up to 4 mM MV. Reciprocal velocities were plotted against the reciprocals of substrate concentrations, and linear plots were obtained in all cases. Primary plots of initial velocity vs. reciprocal substrate concentrations were based on at least triplicate velocity measurements. Kinetic data were analysed using the FORTRAN programs described by Cleland [18] .
Determination of M r values
The molecular mass of the native enzyme was determined using a Sephacryl S-300 gel ¢ltration column equilibrated with 0.1 M Tris^HCl, pH 7.5, 1 mM 2-mercaptoethanol, and 2 M NaCl. The enzyme from step 3 (2 ml) was loaded onto the column and the elution volume of Nas was determined from enzyme assays of eluted fractions.
Gel electrophoresis
The M r of Nas subunits was estimated by SDS^PAGE using molecular mass markers from Promega. SDS^PAGE was carried out as described by Laemmli.
Results and discussion
The putative Nas from H. mediterranei has been puri¢ed and its properties analysed. Although Nas have been puri¢ed from plants [19] and bacteria [20] , this is the ¢rst report of its puri¢cation from an archaeon.
Optimum conditions for nitrate reductase activity
Induction of nitrate reductase activity in H. mediterranei cultures was achieved by adding 1% KNO 3 (w/v) to the minimal culture medium under aerobic conditions (nitrite reductase activity was also induced [10] ). When the cell culture reached the stationary phase of growth, nitrite was excreted into the medium with concomitant loss of Nas activity (the nitrite reductase activity also disappeared [10] ). This excretion suggests that a dissimilatory nitrate pathway might be operative in these conditions, since H. mediterranei is known as a denitri¢er [13] . In this way, a second nitrate reductase activity was detected when nitrite appeared. This nitrate reductase was associated with the membrane and was probably the dissimilatory nitrate reductase isolated by Alvarez-Ossorio et al. [12] . Under our conditions of growth, nitrate was the only nitrogen source and the culture medium was harvested at the mid-exponential phase of growth, before nitrite accumulated and before the loss of Nas activity.
Puri¢cation of Nas and molecular mass determination
The puri¢cation scheme is summarised in Table 1 and involves Sepharose-4B, DEAE-cellulose and Sephacryl S-300 chromatography. The enzyme was puri¢ed 177-fold to a speci¢c activity of 0.22 U mg 31 protein. Gel ¢ltration chromatography under native conditions in a Sephacryl S-300 column indicated a mass of 132 þ 6 kDa for the native enzyme. SDS^PAGE of the puri¢ed enzyme showed two bands of M r 105 þ 1.3 and 50 þ 1.3 kDa (Fig. 1) .
A number of halophilic nitrate reductases have been puri¢ed. Heterodimeric (116 and 60 kDa), heterotrimeric (100, 60 and 31 kDa) and homotetrameric (63 kDa) structures have been reported for the Haloferax denitri¢cans [21] , Haloferax volcanii [22] and Haloarcula marismortui enzymes [23] , respectively. These signi¢cant di¡erences indicate a diversity of structures among the archaeal dissimilatory nitrate reductases. These di¡erences could extend to the Nas from H. mediterranei and the ferredoxin-dependent Nas from bacteria [2] .
Properties of puri¢ed Nas
The e¡ect of electron donors and cofactors was tested. Reduced MV was the best electron donor (in vitro) for the Nas from H. mediterranei, as it was for the dissimilatory nitrate reductase [12] . Nas from H. mediterranei did not use electrons from NADH (1 mM) or NADPH (1 mM). DT was not able to reduce nitrate in the absence of MV. When reduced FAD (1 mM) was tested activity was 8% of the maximum activity. Activity was less than 7% when reduced electron donors such as 2,6-dichlorophenol indophenol (1 mM) or phenazine methosulphate (1 mM) were used. DT-reduced ferredoxin (100 nM) from H. mediterranei was nearly as e¤cient as MV (94%).
Several inhibitors of nitrate reductases were tested at the 1-mM level. Potassium chlorate, dithiothreitol (DTT), p-hydroxymercuribenzoate (pOH-HgBzOH) or sulphite were not e¡ective inhibitors. EDTA partially decreased the activity (57%). As observed for other non-halophilic and halophilic nitrate and nitrite reductases [2, 12, 22, 24] azide was a potent inhibitor (21%), while cyanide almost completely inhibited the nitrate reductase activity.
These compounds are thought to inhibit by metal che- lation and the primary site of action is probably the molybdenum centre [25] . However, sulphydryl group reagents such as pOH-HgBzOH and DTT did not inhibit the Nas. pOH-HgBzOH strongly inhibited the dissimilatory nitrate reductase from H. mediterranei [1] . Ferredoxin is also known to be present in anaerobic nitrogen-¢xing bacteria [20] , anaerobic parasitic and freeliving protozoa and even in vertebrates [26] . In H. mediterranei, we ¢nd that the halophilic Nas is capable of utilising ferredoxin from H. mediterranei but not NADPH or NADH (under in vitro assay conditions). This ferredoxin, when reduced, was capable of replacing MV and may be the physiological electron donor.
The pH dependence of the enzyme activity in the range 7.5^9.0 was investigated in 50 mM Tris^HCl, 1 M NaCl. For the pH range 9^10.7, the bu¡er was 120 mM Na 2 CO 3 . Assays were carried out at 40 and 60³C and Nas showed a maximum activity at pH 9 for both temperatures.
Nas activity was also measured using the same assay mixtures at pH 9 with di¡erent NaCl concentrations in the temperature range 30^90³C. A strong dependence on the temperature and NaCl concentrations was observed (Fig. 2) , as shown previously by Marquez and Brodie [27] for a dissimilatory nitrate reductase from Halobacterium. The maximum activity was found to be at 80³C for NaCl concentrations of 3.1 and 2.2 M. On the other hand, at 1.3 and 0.9 M NaCl, the maximum activity was found to be at 60³C. Since temperatures higher than 60³C could cause unspeci¢c reactions, we usually tested nitrate reduction at 60³C. The catalytic process was analysed according to the Arrhenius equation. The activation energy was higher at lower NaCl concentrations (35 and 46 kJ mol 31 at 3.1 and 1.3 M NaCl, respectively).
Like halophilic nitrate reductase from the genus Haloferax [12, 22] , Nas from H. mediterranei showed a remarkable thermophilicity and worked well up to 80³C. Nitrate reductase was incubated at 4³C in the presence of 4.3, 2.7, 2.1, 1.2 and 0.9 M NaCl (in 50 mM phosphate bu¡er, pH 7.0) and the activity was assayed after 90 h of incubation. After 43 h, with 2.7, 2.1, 1.2 and 0.9 M NaCl, the enzyme had lost around 95% of its activity. In contrast, the enzyme was completely stable after 90 h in the presence of 4.3 M NaCl. In general, the salts have a strong e¡ect on the activity and stability of halophilic enzymes [28] . For example, the dissimilatory nitrate reductase from H. mediterranei was salt-dependent [12] . On the other hand, the nitrate reductases from Haloferax and Haloarcula were not salt-dependent [21^23] . In the present case, when Nas was dialysed against a 50-mM phosphate bu¡er pH 7.0 containing 20% glycerol, the enzyme could be stored at 4³C for 2 weeks without signi¢cant loss of activity.
Initial rate studies were done by varying the concentration of one substrate (MV) at several ¢xed concentrations of the other substrate (nitrate). The apparent K m values for nitrate and MV were 0.95 þ 0.12 and 0.066 þ 0.012 mM, respectively. The K m for nitrate is in the range (0.1 and 1.6 mM) obtained for other nitrate reductases [12] . The apparent K m for nitrate for the dissimilatory nitrate reductase from H. mediterranei was 6.7 mM [12] .
The puri¢ed enzyme was reddish^brown in colour with the absorption spectrum shown in Fig. 3 . In addition to the normal absorbance maximum at 280 nm, there was an interesting broad band centred at 404 nm. Spectral features characteristic of FAD or cytochromes [29] were not observed for the protein as isolated or in the DTreduced state (Fig. 3) . Fe^S clusters normally exhibit a maximum between 400 and 460 nm. The pro¢les and maxima (404 nm for the protein isolated and 439 nm for the DT-reduced state) suggest that Nas from H. mediterranei contains Fe^S clusters.
In conclusion, these results suggest that nitrate reductase puri¢ed from H. mediterranei (strain R-4) is a Nas. The Nas was present during aerobic growth, the activity disappeared when the culture was near the stationary period and the activity was not present when the ammonium ion (or an alternative nitrogen source to nitrate) was included in the culture medium. In addition, only the Nas are known to use ferredoxin as an electron donor in nitrate reduction [2] . This enzyme has been puri¢ed and its properties analysed. This study sheds light on the role played by the nitrate assimilatory pathway in Archaea, and opens the way for further research in this ¢eld. Fig. 3 . UV-visible absorption spectrum of nitrate reductase from H. mediterranei. A: Absolute spectra of puri¢ed nitrate reductase (30 Wg ml 31 ) in 50 mM phosphate pH 7.0, containing 2 M NaCl. The oxidised spectrum was obtained ¢rst and the reduced by re-running the same sample after addition of a few crystals of sodium DT (B).
